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The anti-infectious activity of probiotic Bifidobacteria against Shiga toxin-producing Escherichia coli (STEC)
O157:H7 was examined in a fatal mouse STEC infection model. Stable colonization of the murine intestines
was achieved by the oral administration of Bifidobacterium breve strain Yakult (naturally resistant to strepto-
mycin sulfate) as long as the mice were treated with streptomycin in their drinking water (5 mg/ml). The
pathogenicity of STEC infection, characterized by marked body weight loss and subsequent death, observed in
the infected controls was dramatically inhibited in the B. breve-colonized group. Moreover, Stx production by
STEC cells in the intestine was almost completely inhibited in the B. breve-colonized group. A comparison of
anti-STEC activity among several Bifidobacterium strains with natural resistance to streptomycin revealed that
strains such as Bifidobacterium bifidum ATCC 15696 and Bifidobacterium catenulatum ATCC 27539T did not
confer an anti-infectious activity, despite achieving high population levels similar to those of effective strains,
such as B. breve strain Yakult and Bifidobacterium pseudocatenulatum DSM 20439. The effective strains pro-
duced a high concentration of acetic acid (56 mM) and lowered the pH of the intestine (to pH 6.75) compared
to the infected control group (acetic acid concentration, 28 mM; pH, 7.15); these effects were thought to be
related to the anti-infectious activity of these strains because the combination of a high concentration of acetic
acid and a low pH was found to inhibit Stx production during STEC growth in vitro.

A complex intestinal microflora provides protection against
colonization by many pathogenic infectious agents (for re-
views, see references 8 and 40), and the term colonization
resistance was first used by van der Waaij et al. in 1971 to
indicate a resistance to colonization by exogenous, potentially
pathogenic microorganisms (PPMOs) (39). Vollaard and
Clasener concluded that the flora providing colonization resis-
tance to exogenous microorganisms are identical to the flora
limiting the concentration of indigenous PPMOs (40).

Shiga toxin-producing Escherichia coli (STEC) infection
models in streptomycin (SM)-treated mice have been the most
popular (15, 20, 22, 41). An increased susceptibility to STEC
infection by treating mice with antibiotics can be explained by
the disruption of colonization resistance. However, high dos-
ages of inoculum (more than 106 CFU/body) are usually re-
quired to establish an STEC infection. These effects were not
precisely examined (determination of viable STEC counts or
quantification of Shiga-like toxins) in previous studies. We
have developed an SM-treated murine STEC infection model
in which 100% lethality was achieved after inoculation with
only �5 � 103 CFU of STEC, followed by multiple mitomycin
C (MMC) treatments (29). Moreover, a periodic quantitative
analysis of Stx production in the intestines showed that there
was a transient but dramatic increase of Stxs (especially Stx2)
in the lower intestines after multiple MMC treatments during

the early stationary phase of STEC growth in the lower intes-
tines.

Probiotics are viable cell preparations or foods containing
viable bacterial cultures or components of bacterial cells that
have beneficial effects on the health of the host (19). Many of
these probiotics are lactic acid bacteria, and anaerobic bi-
fidobacteria have been reported to be useful in the treatment
of disturbed intestinal microflora and diarrheal diseases (for a
review, see reference 18). Feeding probiotic bifidobacteria to
experimental animals has been reported to prevent gram-neg-
ative bacterial infections (23, 30, 32). Some probiotic bi-
fidobacterial strains have been reported to lessen the severity
of oral STEC infection in murine experimental infection mod-
els. Most of these reports, however, utilized gnotobiotic animal
models (2, 31, 37, 38), and definite data have not been obtained
in studies with conventional animals. Moreover, the precise
mechanism of protection has not yet been clarified. The main
purpose of the present study was to test the hypothesis that
intestinal colonization by probiotic bifidobacteria prevents an-
tibiotic-induced disruptions in the intestinal environment and
reduces the lethal toxicity of STEC by using our previously
reported lethal murine STEC infection model (29).

MATERIALS AND METHODS

Animals. Specific-pathogen-free 6-week-old male BALB/c mice were pur-
chased from Charles River Japan, Inc. (Kanagawa, Japan). Groups of 7 or 8 mice
were housed in polypropylene cages (CLEA Japan, Tokyo, Japan) with sterilized
bedding under controlled lighting (12 h light, 12 h dark), temperature (24°C),
and relative humidity (55%) conditions. The mice were maintained on an MF
diet (Oriental Yeast, Tokyo, Japan) and sterilized water (126°C for 30 min)
containing Cl2 at a final concentration of 1.5 ppm (�g/ml), ad libitum. SM sulfate
(Sigma Chemical, St. Louis, Mo.) was dissolved in the drinking water at a
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concentration of 5 mg/ml. The water bottles were exchanged with freshly pre-
pared bottles every 3 days. All experimental procedures were performed accord-
ing to the standards set forth in the Guide for the Care and Use of Laboratory
Animals (24).

Bifidobacteria. Bifidobacterium breve strain Yakult, Bifidobacterium pseudo-
catenulatum DSM 20439, Bifidobacterium bifidum ATCC 15696, and Bifidobac-
terium catenulatum ATCC 27539T were used after the selection of the strains had
been confirmed by growth in PY broth (16) containing SM at a dose of 4 mg/ml.
All bifidobacterial strains were identified by PCR assay with the corresponding
species-specific primers for 16S rRNA (21). Each bifidobacterial strain was
cultivated separately in GAM broth (Nissui Pharmaceutical, Tokyo, Japan) for
24 h at 37°C, washed with saline twice, and then suspended in saline at a
concentration of 109 CFU/ml. Colonization by bifidobacteria was established by
three consecutive daily administrations of the bacteria to separate groups of mice
receiving SM in their drinking water. Periodic examinations of viable counts of
B. breve in stools were performed in subsets of 6 mice from each group. Briefly,
fresh stool specimens (1 to 2 pellets) were weighed and placed in an Eppendorf
tube containing 1 ml of sterilized anaerobic buffer solution [KH2PO4, 0.0225%
wt/vol; K2HPO4, 0.0225% wt/vol; NaCl, 0.045% wt/vol; (NH4)2SO4, 0.0225%
wt/vol; CaCl2, 0.00225% wt/vol; MgSO4, 0.00225% wt/vol; Na2C03, 0.3% wt/vol;
L-cysteine hydrochloride, 0.05% wt/vol; resazurin, 0.0001% wt/vol] and homog-
enized with a pestle. TOS agar (33) supplemented with 0.625 g of SM/ml and 1
�g of carbenicillin disodium salt (Sigma)/ml (T-CBPC agar) was used for the
quantitation of the B. breve strain Yakult, and CPLX agar (42) supplemented
with 0.625 g of SM/ml was used for the selective isolation of other Bifidobacte-
rium strains. The media were cultured anaerobically in an atmosphere of 7% H2

and 5% CO2 in N2 at 37°C for 72 h, and the colonies on the plates were counted.
STEC O157:H7 infection. A clinically isolated STEC O157:H7 strain

89020087, which produces both Stx1 and Stx2, was used throughout the study.
Cells were grown overnight in Casamino Acids-yeast extract broth (14) at 37°C.
A murine gastrointestinal infection model (29) was developed based on the
methods of Wadolkowski et al. (41). Briefly, STEC cells were suspended at a
concentration of 5 � 104 CFU/ml in saline, and a 100-�l portion of the suspen-
sion was administered orally to mice. MMC (0.25 mg/kg; Kyowa Hakko Kogyo,
Tokyo, Japan) was administered intraperitoneally a total of three times, once
each at 18, 21, and 24 h postinoculation, when the fecal excretion levels of STEC
reached as much as 109 CFU/g of feces. To assess the viable STEC counts in the
feces, intestinal contents, livers, and mesenteric lymph nodes, samples were
removed aseptically from the mice and homogenized in 1 ml (5 ml for liver) of
sterile saline solution by using a Teflon grinder. The number of viable STEC cells
was determined by their growth on sorbitol-MacConkey agar (Nissui Seiyaku,
Tokyo, Japan) supplemented with cefixime (2.5 mg/ml; Sigma) and potassium
tellurite (0.05 mg/ml; Oxoid, Bashingstoke, Hampshire, United Kingdom) at
37°C for 24 h.

Stx assay. Stxs (Stx1 and Stx2) in the intestinal contents (both free and
bacterium associated) were extracted as follows. Briefly, sections of the gastro-
intestinal tracts were prepared as described above. After homogenization, sam-
ples were sonicated at 28 kHz for 60 min in ice-cold water to completely disrupt
the bacteria and then centrifuged at 30,000 � g for 10 min to remove undisrupted
debris. The supernatants were then filtered through a 0.45-�m-pore-size mem-
brane filter and then ultrafiltrated (molecular weight cutoff, 20,000; 5,000 � g for
60 min) to remove low-molecular-weight substances, such as SM sulfate, which
can affect Stx quantification when the reversed passive latex agglutination
(RPLA) test (Denka Seiken, Tokyo, Japan) is used. After centrifugation, the
resulting fraction on the membrane in the tube was reconstituted in the original
volume of phosphate-buffered saline and then serial twofold diluted with phos-
phate-buffered saline supplemented with 0.5% bovine serum albumin and 0.1%
NaN3. Both Stx1 and Stx2 were then quantified by the RPLA test. The Stx
concentrations in the intestinal contents were then calculated relative to a stan-
dard curve of purified Stx1 or Stx2 and expressed as micrograms per tissue
weight.

Histopathology. Mice were dissected on day 2 or 7 after STEC infection. The
mesenteric lymph nodes, femur, thymus, lungs, bronchus, heart, small intestine,
cecum, colon, liver, spleen, kidneys, suprarenal gland, and brain were divided
longitudinally and fixed overnight in 10% neutral buffered formalin. Paraffin-
embedded sections stained with hematoxylin and eosin were then examined by
light microscopy.

Detection of organic acids in cecal contents. The cecal contents were homog-
enized in 1 ml of distilled water, and the homogenate was centrifuged at 13,000
� g at 4°C for 10 min. A mixture of 0.9 ml of the resulting supernatant and 0.1
ml of 1.5 mM perchloric acid was mixed well in a glass tube and allowed to stand
at 4°C for 12 h. The suspension was then passed through a filter with a pore size
of 0.45 �m (Millipore Japan, Tokyo, Japan). The organic acid content of the

sample was analyzed by high-performance liquid chromatography as described in
a previous report (18). The high-performance liquid chromatography was per-
formed with a Waters system (Waters 432 Conductivity Detector; Waters, Mil-
ford, Mass.) equipped with two columns (Shodex Rspack KC-811; Showa Denko,
Tokyo, Japan). The concentrations of organic acids were calculated by using
external standards.

Combined effect of pH and AA on STEC growth and Stx production. The pH
and concentration of acetic acid (AA) were adjusted in tryptic soy broth so that
the conditions were the same as those found in the cecal contents of the STEC-
infected control group (pH 7.15; AA concentration, 28 mM) or in the B. breve-
colonized cecum (pH 6.75; AA concentration, 56 mM). Then, STEC in media at
a concentration of 105 CFU/ml was added and cultivated anaerobically in an
atmosphere of 100% N2 at 37°C; MMC at a final concentration of 1 �g/ml was
added after 8 h of cultivation. Viable bacterial counts were determined period-
ically after 0, 2, 4, 6, 8, 12, and 16 h of incubation. Stx concentrations were
determined after 16 h of cultivation (8 h after the addition of MMC).

Statistical analysis. The average number of bacteria was analyzed by using the
Dunnet test to determine significant differences between the treatment and
control groups. Differences in survival ratios were determined by using Fisher’s
exact probability test followed by correction with the Bonferroni inequality
equation. A significant difference was defined as a P value of �0.05.

RESULTS

Inhibition of lethal STEC O157:H7 intestinal infection by B.
breve colonization of the intestines in SM-treated mice. The
excretion levels of STEC in feces after the oral administration
of 5 � 103 CFU suggested that STEC proliferated dramatically
in the intestines within 24 h of the infection (Fig. 1A). B. breve
strain Yakult, when administered daily for three consecutive
days (108 CFU/mouse/day), aggressively proliferated in the
intestine, reaching a population level of 109 CFU/g of cecal
contents; this level of proliferation was maintained at the time
of the STEC infection on day 3, after the last administration of
B. breve (Fig. 1A). The stable colonization of the intestines by
B. breve did not inhibit the STEC cells from proliferating log-
arithmically during the initial phase of the infection, but once
the proliferation had reached a plateau, further colonization
was significantly inhibited for 16 days (Fig. 1A).

In the STEC-infected control group, a dramatic decrease in
body weight and subsequent death was observed in 12 of 14
mice in the group within 10 days after MMC treatment (Fig.
1B and C). On the other hand, body weight was maintained
and none of the mice died in the B. breve-treated group
throughout the observation period. Extraintestinal STEC
translocation was not observed in either group (data not
shown), suggesting that sepsis was not the cause of death in the
STEC-infected control group.

In the next series of experiments, mice were dissected at
various intervals after MMC treatment, and the Stx levels in
the cecal contents were analyzed by RPLA. Transient but dra-
matic increases in the concentrations of both types of Stx were
observed 3 to 9 h after the last MMC treatment in the STEC-
infected control group (Fig. 2). The Stx2 titers were relatively
higher than those of Stx1 throughout the experimental period
(Fig. 2). No significant increases in the Stx titers were detected
in the B. breve-treated group after MMC treatment, and the
titers were less than 1/50 (Stx1) and 1/500 (Stx2) of those in the
controls, respectively (Fig. 2). The Shiga toxins were produced
mainly in the lower parts of the intestine, whereas B. breve
markedly inhibited production of both types of the toxin (Ta-
ble 1).

Histological analysis. In the STEC-infected control mice,
mild damages appearing to be apoptotic were observed in
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cryptic areas of the intestinal mucosa 30 h after STEC infec-
tion, when the concentrations of Stxs in the intestines peaked
(Fig. 3A). Injuries in the hematopoietic organs, such as the
bone marrow (erythroblastopenia) (Fig. 3C), mesenteric
lymph nodes (apoptosis) (Fig. 3D), and toxic tubular necrosis
accompanied by distention (Fig. 3B) were clearly observed on
day 7 after STEC infection in the moribund STEC-infected
control group. In the B. breve-treated group, however, no sig-
nificant histopathologic disorders (Fig. 3E, F, G, and H) were
observed, and erythroblast hematopoiesis was clearly observed
in femur and spleen specimens. A hematological analysis
showed no clear hemolytic-uremic syndrome signs, such as
thrombocytopenia or hematolytic anemia, in either the STEC-
infected control group or the B. breve-treated group. Signifi-
cant increases in creatinine and blood urea nitrogen were de-
tected in the infected control group but not in the B. breve-
treated mice (creatinine, 0.6 � 0.2 mg/dl for the control, 0.3 �
0.0 mg/dl for the B. breve-treated mice, P � 0.01; blood urea
nitrogen, 27.8 � 2.2 mg/dl for the control, 23.4 � 2.3 mg/dl for
the B. breve-treated mice, P � 0.01). No distinct characteristics
of lower leg paralysis or histopathological damage to the other
organs, including the brain, were observed (data not shown).
These results suggest that the intestinal mucosa injuries were

FIG. 1. Inhibition of lethal intestinal STEC infection by B. breve
colonization in SM-treated mice. SM sulfate at a concentration of 5
mg/ml in drinking water was given to 28 mice from day �6 until day 16.
B. breve strain Yakult (1 � 108 to 3 � 108 CFU/mouse/day) in 0.1 ml
of saline was administered to half of the mice once a day from day �5
to �3, and the other half of the mice were administered saline on the
same schedule as that for the B. breve treatment. Mice were infected
orally with STEC (5 � 103 CFU) on day 0 and then treated with MMC
at an inoculum dose of 0.25 mg/kg of body weight three times at 18, 21,
and 24 h after the STEC infection. (A) Feces for bacteriological anal-
ysis were obtained from 6 randomly selected mice in each group on
days 0 (at 3, 6, 9, 12, 15, and 18 h), 1, 3, 4, 7, 10, and 16 after the STEC
infection, with the exception of the control group on days 10 to 16 (n
� 2). Viable counts of STEC and B. breve were examined as described
in the text. Symbols: F, number of STEC organisms in the STEC-
infected control mice; E, number of STEC organisms in the B. breve-
treated mice; ‚, number of B. breve organisms in B. breve-treated mice.
(B) All 14 mice in each group were weighed every day until day 8.
Symbols: F, STEC-infected control; E, B. breve-treated mice. (C) The
STEC-infected control mice (F) and B. breve-treated mice (E) were
observed for survival for 14 days after the challenge infection. ��, a
significant difference was observed between the B. breve-treated and
the untreated control groups (P � 0.01).

FIG. 2. Inhibition of MMC-induced production of Shiga toxins by
B. breve colonization. Mice were infected with STEC and treated with
MMC as described in the legend to Fig. 1 and then dissected at the
indicated periods after STEC infection to examine Stx production. The
concentrations of Stx1 (A) and Stx2 (B) in the intestinal contents were
determined by RPLA test as described in the text. The results were
expressed as the means and standard deviations of the results from 6
mice. Significant differences in Stx concentration were observed be-
tween the B. breve-treated and the untreated control groups (�, P �
0.05; ��, P � 0.01; ���, P � 0.001).
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caused by the transient but marked increase in Stx after MMC
treatment.

Comparison of antitoxic activity among several strains of
bifidobacteria with natural resistance to SM. The anti-infec-
tious activities of four bifidobacterial strains belonging to four
species and confirmed to exhibit a natural resistance to SM in
vitro were assessed for their antitoxic activity against STEC in
vivo. Although all the strains were colonized in the intestine at
similarly high population levels, marked differences in antitoxic
activity were observed among the strains (Table 2). Two of four
strains that were tested showed potent antitoxic activity, but B.
bifidum ATCC 15696 and B. catenulatum ATCC 27539T did
not exhibit an antitoxic activity. No correlations between anti-
toxic activity and colonization level were observed among the
strains (Table 2). As shown in Fig. 4, the total organic acid
concentration decreased and the pH increased in the cecum
after SM treatment in the STEC-infected control group; these
levels remained unchanged at 30 h after the STEC infection.
The disruption in the balance of organic acid concentrations
was characterized by a decrease in the acetate concentration
and an increase in the succinate concentration when compared
with the healthy controls (Fig. 4). Significantly lower pHs,
higher concentrations of both total organic acids and AA, and
lower concentrations of succinic acid were observed at 30 h
after STEC infection in the B. breve- and B. pseudocatenula-
tum-treated groups than in the STEC-infected control group.
No significant changes in these markers were observed in the
groups treated with the ineffective strains, B. bifidum and B.
catenulatum, when compared with the infected controls.

Effect of pH and acetate concentration on Stx production in
vitro. The differences in pH and acetate concentration ob-
served between the lower intestines of the infected control
group and the B. breve-treated group, when reproduced in
vitro, produced no differences in the STEC growth patterns,
with or without the addition of MMC (Fig. 5A). As shown in
Fig. 5B, the addition of MMC to media simulating the condi-
tions observed in the infected control group markedly en-
hanced the production of Stx2 by the STEC cells. Stx2 produc-
tion at levels as low as 1/30 of that produced under the control
conditions were detected when the conditions in the B. breve-
treated group were reproduced, and the inhibitory activity of
the combined lower pH and higher acetate concentration con-
ditions was exerted almost equally in cultures with or without
the addition of MMC. Superinduction of Stx2 by the other
agents such as ciprofloxacin hydrochloride and UV under the

STEC-infected control condition was detected in a similar
fashion as that induced by MMC, which was also markedly
inhibited under the conditions in the B. breve-treated group
(data not shown).

DISCUSSION

It was previously demonstrated that the injection of a lethal
dose of 5-fluorouracil (400 mg/kg) into mice induced an ex-
traordinary increase in the levels of indigenous E. coli in the
intestine and the systemic translocation of these bacteria to the
liver; Bifidobacterium was the only species whose intestinal
population markedly decreased after treatment with this che-
motherapeutic agent (25, 26). Moreover, the daily administra-
tion of fermented milk containing probiotic bifidobacteria pre-
vented both the drug-induced intestinal outgrowth and the
extraintestinal translocation of indigenous E. coli (3). Analysis
of the organic acid concentrations in the intestinal contents
suggested that the administered species compensated for a
decrease in the production of organic acids by the disrupted
indigenous microflora. More recently, it was demonstrated that
the antibiotic-induced intestinal overgrowth and extraintestinal
translocation of Salmonella enterica serovar Typhimurium was
markedly inhibited by precolonization of the intestine by spe-
cific strains, such as the probiotic B. breve strain Yakult, and
suggested that the pH-lowering and acid-producing effects of
this strain appeared to be important for enabling this anti-
infectious activity (4). These observations suggested that com-
pensation for chemotherapy-induced disruptions in coloniza-
tion resistance throughout the use of probiotic bifidobacteria
may be effective for preventing intestinal infections by PPMOs
and that not only the population level but also the metabolic
activity of the intestinal colonizer is important for this anti-
infectious activity. In the present study, we clarified that the
stable colonization of intestines by specific strains of bifidobac-
teria, such as B. breve strain Yakult and B. pseudocatenulatum
DSM 20439, results in the protection of mice from lethal STEC
infections, possibly by inhibiting the production of Stxs in the
intestines. To our knowledge, this is the first clear evidence
that specific strains of bifidobacteria, including certain probi-
otics, have such a potent anti-infectious activity against lethal
STEC O157:H7 infection in a lethal mouse infection model.
The important features of the mechanism responsible for the
anti-infectious activity of bifidobacteria are as follows: (i) the
inhibition of Stx production but not of STEC growth and (ii)

TABLE 1. Inhibition of MMC-induced production of Shiga toxins by B. breve colonizationc

Intestinal part

Stx1 (�g/g of intestinal contents) ina: Stx2 (�g/g of intestinal contents) ina:

Untreated control B. breve-treated
mice Untreated control B. breve-treated

mice

Small intestine NDb ND 0.04 � 0.02 ND
Cecum 0.9 � 0.6 0.02 � 0.03d 181.5 � 85.6 0.4 � 0.2d

Large intestine 0.2 � 0.2 0.02 � 0.01e 33.2 � 33.8 0.3 � 0.4d

a The concentrations of Stx1 and Stx2 in intestinal contents were determined by the RPLA test as described in the text, and the results are expressed as the means
and standard deviations of the results for 6 mice.

b ND, not detected.
c Mice were infected with STEC and treated with MMC as described in the legend to Fig. 1 and dissected at 30 h after STEC infection for examination of Stx

production. To examine localization of Stx in the intestines, each part of the intestine was resected at 30 h after infection.
d Significant difference between the B. breve-treated mice and the untreated control group (P � 0.01).
e Significant difference between the B. breve-treated mice and the untreated control group (P � 0.001).
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FIG. 3. Histopathological analysis. Hematoxylin and eosin staining of the ileum (A and E), kidney (B and F), bone marrow (C and G), and
mesenteric lymph node (D and H) from a mouse in the STEC-infected control group (STEC inoculum, 3.8 � 103 CFU) (A to D) and a mouse
in the B. breve-treated group (E to H). Organs were obtained on day 2 (A and E) or 7 (B to D and F to H) after STEC infection. Black arrows:
panel A, changes suggestive of apoptosis; panel B, necrotic tubular endothelial cells with distention; panel D, changes suggestive of apoptotic
bodies; panel G, erythroblasts. Magnifications in both groups: ileum, �520; kidney, �520; bone marrow, �260; mesenteric lymph node, �520.
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the improvement of intestinal environmental factors, such as
pH and acetate concentration.

Treatment of mice with SM depleted the facultative intesti-
nal flora, which appeared to allow the explosive opportunistic
proliferation of SM-resistant STEC cells (Fig. 1A), and the
initial logarithmic phase of STEC proliferation in the intestines
was not influenced by the B. breve cocolonization. Organic

acids, such as AA, lactic acid, and citric acid, have been re-
ported to possess a higher bactericidal activity than inorganic
acids, such as hydrochloric acid; furthermore, the bactericidal
activity of organic acids depends mainly on their undissociated
form (6, 13). Undissociated organic acids can permeate the cell
membrane by diffusion and release protons within the cell. The
influx of protons is thought to induce cytoplasm acidification

TABLE 2. Comparison of antitoxic activity among several strains of bifidobacteria with natural resistance to SM sulfatea

Treatment
STEC viable counts/g of
feces 18 h after infection

(log10, mean � SD)

No. of deaths/total no. of
mice (survival time [days,

mean � SD])

Concn in cecal contents ofb:

Stx1 Stx2

None (untreated control) 9.2 � 0.2 8/10 (8.0 � 1.2) 0.7 � 0.5 200.0 � 162.1
B. breve strain Yakult 9.0 � 0.3 0/10c 0.1 � 0.1c 1.9 � 1.2d

B. pseudocatenulatum DSM 20439 9.1 � 0.3 0/10c 0.1 � 0.1c 1.4 � 1.4d

B. bifidum ATCC 15696 9.1 � 0.2 8/10 (8.6 � 1.4) 0.6 � 0.6 141.3 � 99.7
B. catenulatum ATCC 27539T 9.0 � 0.3 7/10 (8.6 � 1.4) 0.8 � 0.3 155.7 � 128.6

a SM sulfate at a concentration of 5 mg/ml in drinking water was given to mice from day �6 to day 16. Bifidobacterial strains (1 � 108 to 4 � 108 CFU/mouse/day)
at an inoculum size of 0.1 ml/mouse were administered to separate groups of mice (10 mice/group) once a day from day �5 to day �3. Population levels of bifidobacteria
at the time of STEC infection (log10; mean � standard deviation) are as follows: B. breve strain Yakult, 9.7 � 0.3; B. pseudocatenulatum DSM 20439, 9.7 � 0.1; B.
bifidum ATCC 15696, 9.6 � 0.2; B. catenulatum ATCC 27539T, 9.8 � 0.3. Mice were orally infected with STEC at a dose of 8.1 � 103 CFU on day 6 after starting SM
treatment. MMC (0.25 mg/kg of body weight) was administered a total of three times, once each at 18, 21, and 24 h postinfection. Mice were observed for survival for
16 days after STEC infection. Mice were sacrificed 6 h after the last MMC shot, and Stx concentrations in the cecal contents were determined by the RPLA test as
described in the text.

b Results are expressed as mean Stx concentrations (micrograms per gram of cecal contents) � standard deviations for the results from 6 mice.
c Significant difference between the Bifidobacterium-treated mice and the untreated control mice (P � 0.05).
d Significant difference between the Bifidobacterium-treated mice and the untreated control mice (P � 0.01).

FIG. 4. Changes in intestinal pH and concentrations of organic acids after STEC infection in SM-treated mice. Mice were treated as shown in
Table 2. Cecal contents were obtained from mice both at the time of STEC infection (0 h) and 30 h after STEC infection. pH and organic acid
concentrations were determined as described in the text. Results are expressed as the means and standard deviations of the results from 6 mice.
Columns: grey, nontreated healthy mice; black, SM-treated mice; white, B. breve strain Yakult-treated mice; hatched, B. pseudocatenulatum
DSM20439-treated mice; slashed, B. bifidum ATCC 15696-treated mice; vertically lined, B. catenulatum ATCC 27539T-treated mice. ��, significant
differences are shown for the Bifidobacterium-treated groups versus the untreated control group (P � 0.01).
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and dissipate the membrane proton potential (6, 10, 13). This
leads to the disruption of the proton motive force and the
inhibition of substrate transport mechanisms, energy-yielding
processes, and macromolecule synthesis (7, 12). In addition,
anion accumulation is assumed to exert a bacterial toxicity
(28). In a previous study, it was reported that the cytotoxic
properties of undissociated lactic acid on STEC strain
89020087 in vitro was divided into two phases: a bacteriostatic
phase (between 3.2 to 62 mM) and a bactericidal phase (over
62 mM) (27). Several investigators have noted the ability of
STEC O157:H7 to survive in acidic conditions; a possible ex-
planation for this survival ability could be an acid tolerance

response (5, 9, 12). We analyzed the cytotoxic properties of
undissociated AA against the STEC strain and found that an
undissociated AA concentration of more than 20 mM was
needed to exert cytotoxic or growth-inhibitory activity against
the STEC strain in vitro (data not shown), and the higher
acetate concentration and lower pH in the B. breve-colonized
cecum, when reproduced in vitro, was not found to inhibit
STEC growth (Fig. 5A). Taken together, these results may
explain the reason why B. breve colonization did not inhibit
STEC growth in vivo.

On the other hand, the higher concentration of AA and the
lower pH in the B. breve-colonized intestines appear to play a
somewhat important role in the inhibition of toxin production
because the inhibitory effect of the combination of pH and
acetate on Stx production was confirmed by in vitro experi-
ments (Fig. 5B). The mechanism by which the acetate concen-
tration and the pH of the intestines inhibit Stx production is
not clear. Quorum sensing is a mechanism through which gene
expression in bacteria is regulated by cell density (11). Re-
cently, quorum-sensing systems have been reported to be in-
volved in the expression of several pathogenic genes such as
LEE, which encodes a component of a type III secretion sys-
tem in STEC (17, 34, 36); the expression levels of such genes
vary with the bacterial growth phases (1). Little is known about
the regulatory mechanisms of Stx production (35), and both
the host- and bacterium-related factors affecting Stx produc-
tion remain to be elucidated. The present results suggest that
environmental regulation via molecules in the intestine, such
as AA, is an important regulator of Stx gene expression in
intestinal colonies of STEC. Studies to determine the mecha-
nism of Stx production in STEC at the gene expression level
are in progress.
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